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(57) Abstract: A method to determine and apply a voltage to precharge current -driven elements in a matrix. During ordinary scan 
cycles, a conduction voltage is sensed while the elements conduct a selected current. While not conducting the selected current, 
the sensed conduction voltage is averaged with other conduction voltages, and based on the averaged voltage a precharge voltage is 
^ provided during a precharge period of the scan cycle. 
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APPARATUS AND METHOD FOR PERIODIC 
ELEMENT VOLTAGE SENSING TO CONTROL PRECHARGE 



Field of the Invention 

5 This invention generally relates to electrical drivers for a matrix of current driven devices, 

and more particularly to methods and apparatus for determining and providing a precharge for such 
devices. 

Description of the Related Art 
There is a great deal of interest in "flat panel" video displays, particularly for small to 
10 midsized displays, such as may be used in laptop computers, cell phones, and personal digital 
assistants. 

Liquid crystal displays (LCDs) are a well-known example of such flat panel video displays, 
and employ a matrix of "pixels" which selectably block or transmit light. LCDs do not provide 
their own light; rather, the light is provided from an independent source. Moreover, LCDs are 
1 5 operated by an applied voltage, rather than by current. Luminescent displays are an alternative to 
LCD displays. Luminescent displays produce their own light, and hence do not require an 
independent light source. They typically include a matrix of elements, which luminesce when 
excited by current flow. A common luminescent device for such displays is a light emitting diode 
(LED). 

20 LED arrays produce light in response to current flowing through the individual elements of 

the array. The current flow may be induced by either a voltage source or a current source applied to 
the array elements. A display matrix may use a current drive circuit which accepts analog intensity 
inputs for each pixel, and varies the drive current of each pixel accordingly to achieve 
corresponding variation in the brightness of each pixel. This approach produces a different voltage 

25 on each element depending on drive current, and does not provide any means to quickly achieve a 
proper operating voltage in the presence of capacitance related to the element. 

A variety of different LED-like luminescent sources have been used for such displays. The 
embodiments described herein utilize organic electroluminescent materials in OLEDs (organic light 
emitting diodes), which include polymer OLEDs (PLEDs) and small-molecule OLEDs, each of 

30 which is distinguished by the molecular structure of their color and light producing material as well 
as by their manufacturing processes. Electrically, these devices look like diodes with forward "on" 
voltage drops ranging from 2 volts (V) to 20 V depending on the type of OLED material used, the 
OLED aging, the magnitude of current flowing through the device, temperature, and other 
parameters. Unlike LCDs, OLEDs are current driven devices; however, like LCDs, OLEDs may be 

35 arranged in a 2 dimensional array (matrix) of elements to form a video display. 

OLED displays can be either passive-matrix or active-matrix. Active-matrix OLED 
displays use current control circuits integrated with the display itself, with one control circuit 
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corresponding to each individual element on the substrate, to create high-resolution color graphics 
with a high refresh rate. Passive-matrix OLED displays, on the other hand, are easier to build than 
active-matrix displays, because the current control and other drive circuitry are implemented 
external to the display. This allows the display manufacturing process to be significantly 
5 simplified. 

Figures 1 A and IB show a typical physical structure of a passive-matrix display of OLEDs. 
A layer 110 having a representative series of rows, such as parallel conductors 111-118, is disposed 
on one side of a sheet of light emitting polymer, or other emissive material, 120. A representative 
series of columns are shown as parallel transparent conductors 131-138, which are disposed on the 

10 other side of sheet 120, adjacent to a glass plate 140. A display cross-section 100 shows a drive 
voltage V applied between a row 111 and a column 134. A portion of the sheet 120 disposed 
between the row 1 1 1 and the column 134 forms an element 150, which behaves like an LED. The 
potential developed across this LED causes current flow, so the LED emits light 170. Column 
conductors are typically transparent because the emitted light 170 must pass through the column 

15 conductor 134. Most transparent conductors have relatively high resistance compared with the row 
conductors 1 1 1-118, which may be formed from opaque materials having a low resistivity, such as 
copper. 

This structure results in a matrix of devices, one device formed at each point where a row 
overlies a column. There will generally be M x N devices in a matrix having M rows and N 

20 > columns. Typical devices function like light emitting diodes (LEDs), which conduct current and 
luminesce when voltage of one polarity is imposed across them, and block current when voltage of 
the opposite polarity is applied. 

Each row, and each column, is connected to a number of devices, but exactly one device is 
common to both a particular row and a particular column. To control these individual LED devices 

25 located at the matrix junctions, it is useful to have two distinct driver circuits, one to drive the 
columns and one to drive the rows. It is conventional to sequentially scan the rows (conventionally 
connected to device cathodes) with a passive driver switch to a known voltage such as ground, and 
to provide another driver, which may be a current source, to drive the columns (which are 
conventionally connected to device anodes). 

30 A parallel plate capacitor is defined by the configuration of sandwiching a non-conductive 

layer between conductive layers. In the display matrix, the column conductors represent one 
conductive layer and the row conductors represent an opposing conductive layer. As may be 
appreciated, a parallel plate capacitor exists at each element, where a column conductor overlays a 
row conductor. The parasitic capacitance created by the display structure creates an impediment to 

35 instantaneous voltage changes on either a row or a column. 

A luminescent device matrix and drive system may mitigate effects of parasitic 
capacitances by resetting each element between scans by applying either ground or Vcc (10V) to 
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both sides of each element at the end of each exposure period. Scanning a row may be initiated by 
connecting all unscanned rows to Vcc, and grounding the scanned row. An element being driven 
by a selected column line is therefore provided current from the parasitic capacitance of each 
element of the column line that is attached to an unscanned row. This procedure may consume 

5 excessive power, which can be particularly important in portable devices. A luminescent device 
matrix configured as such does not have any means to establish the correct voltage and current for a 
selected element at the moment of turn-on. In many applications the voltage and current required 
for display elements will change from time to time, and present luminescent device matrices fail to 
provide any means to compensate for emission characteristics which will vary as the devices age. 

10 Thus, what is needed is a means to determine and apply the correct voltage and current at the 
beginning of scans of current-driven devices in an array. 

Summary qf the Invention 
In response to the needs discussed above, a method is presented for monitoring display 
conduction voltages, and on the basis of at least the monitored voltages, determining a precharge 

15 voltage. 

In one aspect, the invention is a method of precharging elements. The method includes 
sampling a conduction voltage on an element, determining a precharge voltage based at least in part 
on the sampled conduction voltage, and then applying the precharge voltage to the element. 

In another aspect, the invention is a method of determining a precharge voltage for current- 

20 driven device elements in a matrix. The method includes applying a previous precharge voltage to 
an element during a precharge period, and then driving the element with a selected current from a 
current source during a conduction period of the scan cycle. A voltage is sampled during the 
conduction period, and then subsequent precharge voltages are determined based in part on the 
sampled conduction voltages. 

25 In another aspect, the invention is a method of precharging elements in a display. The 

method includes sampling a plurality of conduction voltages on a column of the display during a 
portion of each conduction period where one of a plurality of elements from the column is driven 
with a selected current. The method also includes storing a plurality of conduction voltage samples 
and determining a precharge voltage based at least in part on the plurality of conduction voltage 

30 samples. The method also includes applying the precharge voltage to the column during a 
precharge period. The precharge period here is exclusive of the conduction period. 

In another aspect, the invention is a method of providing a precharge voltage for a display. 
The method includes electrically connecting a voltage from a display element to a sample input of a 
sampling device and then sampling the voltage to produce a sampled voltage value. The method 

35 then includes determining a precharge voltage based at least in part on the sampled voltage value 
and outputting the precharge voltage on an output. 
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In one aspect the invention is a precharge device for a display. The precharge device 
includes a sampling circuit used to sample a conduction voltage of an element of the display. The 
precharge device also includes a hold circuit that is electrically coupled to the sampling circuit. The 
hold circuit stores the sampled conduction voltage value and generates a precharge voltage based at 
5 least in part on the sampled conduction voltage. The precharge device also includes a buffer that is 
electrically coupled to the hold circuit. The buffer is used as an output device to provide the 
precharge voltage output. 

In another aspect, the invention is an apparatus for driving current in a display device 
having at least one display element. In this aspect it includes two drivers, the first being a current 
10 driver circuit, connected to a first terminal of the element, which provides a first current, and the 
second driver connecting a second terminal of the element to a source which will accept the current 
from the current source. It also includes a precharge output circuit which can output a precharge 
voltage to the display element, and a voltage sensing circuit configured to store a display 
conduction voltage developed when the display element conducts a predetermined current, and a 
15 precharge control circuit for establishing the precharge voltage based upon the sensed element 
conduction voltage combined with other display element conduction voltages. 

During normal operation the combined stored conduction voltages Vcs may be buffered 
and provided to the columns of a precharge group during a precharge period at the beginning of 
each scan cycle. After the precharge period, the column output currents may be delivered to the 
20 - individual columns in a conventional manner. At the end of the scan cycle, the individual columns 
may be shorted to ground to terminate the element's exposure time. 

In another aspect, the invention is a display matrix having element precharge. The display 
matrix includes a sheet of emissive material having a number of row conductors disposed on a first 
side of the sheet and a number of column conductors disposed on a second side. The row and 
25 column conductors are thus placed on opposite sides of the emissive material. The display matrix 
also includes a column driver having a drive circuit for each of the column conductors and a row 
driver having a plurality of switches used to electrically couple each of the row conductors to a first 
or second voltage potential. The display matrix also includes a precharge device to effect the 
element precharge. The precharge device includes a sample circuit used to sample conduction 
30 voltages on the columns, a hold circuit used to store the sampled conduction voltage values and to 
generate a precharge voltage based at least in part in the stored voltage, and a buffer used to apply 
the precharge voltage to the column connector. 

In another aspect, the invention is a precharge level determination circuit for display 
elements. The circuit includes a current source used to provide a known current to a selected 
35 display element. The circuit also includes a sample circuit configured to sample a display 
conduction voltage during a current conduction period and a sample combining circuit configured 
to combine the sampled conduction voltage with a combined display conduction voltage. The 
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circuit also includes a precharge level setting circuit configured to set a precharge voltage level 
based on the combined display conduction voltage. 

grief Preoption Qf the Prawmgs 

Figure 1 A is a simplified exploded view of an OLED display. 

Figure IB is a cross-sectional view of the OLED display of Figure 1 A. 

Figure 2 is a simplified schematic diagram of an OLED display with column drivers and 
row drivers. 

Figure 3 is a schematic representation of elements for determining a precharge voltage. 
Figure 4 is a simplified schematic diagram for determining a precharge voltage and setting 
an element exposure length. 

Petaikd Pescriptioin 

It may be appreciated that there is a need for a precharge process to reduce the substantial 
errors in OLED current, which may result from employing a current drive for rapid scanning of 
OLED devices in a matrix having a large parasitic capacitance. Moreover, since the voltage for an 
OLED varies substantially with temperature, process, and display aging, a need may also be 
appreciated to monitor the "on" voltage of the OLEDs and change the precharge process 
accordingly. 

The following detailed description is directed to certain specific embodiments of the 
invention. The following embodiments overcome obstacles to accurate generation of a desired 
amount of light output from an OLED display, particularly in view of impediments which are rather 
pronounced in OLEDs, such as relatively high parasitic capacitances, and forward voltages which 
vary with time and temperature. However, the invention can be embodied in a multitude of 
different ways. The invention is more general than the embodiments, which are explicitly 
described, and is not limited by the specific embodiments but rather is defined by the appended 
claims. In particular, the skilled person will understand that the invention is applicable to any 
matrix of current-driven devices to enhance the accuracy of the delivered current. 

Figure 2 represents such a conventional arrangement for driving a display having M rows 
and N columns. The display 280 may be described as having first and second terminal regions for 
connecting to the respective driver circuits. A column driver device 260 includes one column drive 
circuit, e.g., 262, 264, 266, for each column. The column driver 260 is a first current driver 
connected to a first terminal region of the display element. The column driver circuit 264 shows 
some of the details which are typically provided in each column driver. The features within the 
column driver device 260 include a current source 270 and a switch 272 to enable a column 
connection 274 to be connected to either the current source 270, to illuminate the selected diode, or 
to ground, to turn off the selected diode. The row driver 250 is a second driver circuit configured to 
connect the second terminal region to a known voltage source. A row driver device 250 includes 
representatipns of row driver switches (208, 218, 228, 238 and 248). A luminescent display 280 
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represents a display having M rows and N columns, though only five representative rows and three 
representative columns are drawn. 

The rows of Figure 2 are typically a series of parallel connection lines traversing the back 
of a polymer, organic or other luminescent sheet, and the columns are a second series of connection 
5 lines perpendicular to the rows and traversing the front of such sheet, as shown in Figure 1A. 
Luminescent elements are established at each region where a row and a column overlie each other 
so as to form connections on either side of the element. Figure 2 represents each element as 
including both an LED aspect (indicated by a diode schematic symbol) and a parasitic capacitor 
aspect (indicated by a capacitor symbol labeled "CP"). 
10 In operation, information is transferred to the matrix display by scanning each row in 

sequence. During each row scan period, each column connected to an element intended to emit 
light is also driven. For example, in Figure 2 a row switch 228 grounds the row to which the 
cathodes of elements 222, 224 and 226 are connected during a scan of Row K. The column driver 
switch 272 connects the column connection 274 to the current source 270, such that the element 
15 224 is provided with current. Each of the other columns 1 to N may also be providing current to the 
respective elements connected to Row K at this time, such as the elements 222 or 226. All current 
sources are typically at the same amplitude. OLED element light output is controlled by controlling 
the amount of time the current source for the particular column is on. When an OLED element has 
completed outputting light, its anode is pulled to ground to turn off the element. At the end of the 
20 scan period allowed for Row K, the row switch 228 will typically disconnect Row K from ground 
and apply Vdd instead. Then, the scan of the next row will begin, with row switch 238 connecting 
the row to ground, and the appropriate column drivers supplying current to the desired elements, 
e.g. 232, 234 and/or 236. 

Only one element, e.g., element 224, of a particular column, e.g., column J, is connected to 
25 each row, e.g., Row K, and hence only that element of the column is connected to both the 
particular column drive (264) and row drive (228) so as to conduct current and luminesce (or be 
"exposed") during the scan of that row. However, each of the other devices on that particular 
column, e.g., elements 204, 214, 234 and 244 as shown, but typically including many other devices, 
are connected by the driver for their respective row (208, 218, 238 and 248 respectively) to a 
30 voltage source, Vdd. Therefore, the parasitic capacitance of each of the devices of the column is 
effectively in parallel with, or added to, the capacitance of the element being driven. The combined 
parasitic capacitance of the column limits the slew rate of a current drive such as drive 270 of 
column J. Nonetheless, rapid driving of the elements is necessary. All rows must be scanned many 
times per second to obtain a reasonable visual appearance, which permits very little time for 
35 conduction for each row. Low slew rates may cause large exposure errors for short exposure 
periods. Thus, for practical implementations of display drivers using the prior art scheme, the 
parasitic capacitance of the columns may be a severe limitation on drive accuracy. 
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As an example, each frame constitutes the consecutive scanning of all rows, and it may be 
desired to complete 150 frames per second. In this circumstance, if the display has 96 rows of 
elements, then each scan must be completed within 1/(150x96) seconds, or within less than 70 
microseconds (|xS). At these speeds, the device's parasitic capacitances become very significant. 

5 Normal Display Drive 

Referring again to Figure 2, further details are shown of a passive current-device matrix and 
drive system as used with embodiments described herein. Current sources such as the current 
source 270 are typically used to drive a predetermined known current through a selected pixel 
element such as the element 224. However, the applied current will not flow through an OLED 

10 element until the parasitic capacitance is first charged. When the row switch 228 is connected to 
ground to scan Row K, the entire column connection 274 must reach a requisite voltage to drive the 
desired current in element 224. That voltage may be, for example, about 6.5V, and is a value which 
varies as a function of current, temperature, and time. The voltage on the column connection 274 
will move from a starting value toward a steady-state value, but not faster than the current source 

15 270 can charge the combined capacitance of all of the parasitic capacitances of the elements 
connected to the column connection 274. In one display, for example, there may be 96 rows, and 
thus 96 devices connected to each column 274. Each device may have a typical parasitic 
capacitance value of about 25 pF, for a total column parasitic capacitance of 2400 pF (96x25pF). A 
typical value of current from current source 270 is 100|iA. Under these circumstances, the voltage 

20 will not rise from near zero faster than 100nA/(96x25pF), or 1/24 V/^iS, and will change even more 
slowly as the LED begins to conduct. The result is that the current through the LED (as opposed to 
the parasitic capacitance) will rise very slowly, and may not achieve the target current by the end of 
the scan period. If the exemplary 96-row display operates at 150 frames per second, then each scan 
has a duration of not more than 1/(150x96) seconds, or less than about 70 |iS. At a typical 100 jiA 

25 drive current the voltage can charge at only about 42 m V per fiS (when current begins to flow in the 
OLED, this charging rate will fall off). At 1/24 V/jiS, the voltage would rise by no more than about 
2.9 V during the scan period, which would not bring a column voltage from 0 to a nominal 
conduction voltage of 6.5V. 

Since the current source 270, alone, will be unable to bring an OLED from zero volts to 

30 operating voltage during the entire scan period in the circumstance described above, a distinct 
"precharge" period may be set aside during which the voltage on each device is driven to a 
precharge voltage value Vpr. Vpr is ideally the voltage which causes the OLED to begin 
immediately at the voltage which it would develop at equilibrium when conducting the selected 
current. The precharge is preferably provided at a relatively low impedance in order to minimize 

35 the time needed to achieve Vpr. 

Figure 3 schematically illustrates control and sampling of the voltage at representative 
column connections 358, 368 and 378. For each column connection, a switch 352, 362 or 372 
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connects the column to various sources at appropriate times. For example, during a precharge 
period, each of the switches 352, 362 and 372 will connect the column to a precharge voltage 
source, such as 314 or 324. The figure is shown during an exposure period, when each switch 352, 
362 and 372 connects each column (if active) to the corresponding known current source 350, 360 
and 370. At the end of conduction period, the timing of which may vary between columns, the 
appropriate switch may connect the column to a column discharge potential 354, which may be 
ground or another known potential which is low enough to ensure rapid turn-off of the active 
elements. 

Obtaining a Precharge Voltage 

Figure 3 illustrates with a simplified schematic how the precharge voltage may be obtained. 
First, a device conduction voltage may be sampled to obtain a sampled conduction voltage Vcs; 
column voltages available in the driver are convenient sources for such conduction voltages. Next, 
one or more Vcs quantities may be used to affect or determine the precharge voltage. Once 
determined, the precharge voltage is applied to an element by applying the precharge voltage onto 
the column. For the following scan cycle, the previously determined precharge voltage is applied to 
the column and a subsequent precharge voltage is determined based in part on the conduction 
voltage sampled during the scan cycle. 

The voltage of any of the column connections, e.g. 358, 368 and 378, may be sampled by 
sampling circuit 356, 366 and 376 respectively, to obtain a Vcs. The voltage of the column 
connection 358 may be sampled during a portion of a conduction period of an element 222 when a 
selected current is driven through the element 222. The voltage of column 358, for example, 
includes the voltage produced on an element 222 (which is shown, as in Figure 2, with both diode 
aspect and parasitic capacitance "CP"), as driven by a current source 350 in a column driver circuit 
300. The cathode side of the element 222 is connected to ground through the row driver switch 
228. The voltage developed at the column connection 358 includes the current provided by the 
current source 350 times that portion of a resistance of the column trace between the connection 
358 and the element 222. Moreover, it includes the voltage produced by the common row 
impedance of the display 280 between the element 222 and a row K connection 388, as well as the 
driver impedance from the row K connection 388, through the switch 228, to ground, due to 
combined currents from the element 222 plus other conducting elements, e.g. 224 and 226. Thus, 
the Vcs from column 358 reflects other conduction voltages as well as that developed across the 
element 222 by the column current source 350. A Vcs may analogously be obtained from another 
column connection, such as 368 or 378, or from other columns (not shown) as explained in more 
detail subsequently. 

Column voltages, such as those at the shown column connections 358, 368 and 378, are 
described in particular embodiments herein for both sampling and precharging. However, other 
conduction voltages may usefully be sampled and/or controlled. For example, the voltage between 
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column connections, e.g., 358 and row connections, e.g., 388 may be sampled, particularly if the 
row driver circuit 250 is within the same integrated circuit as the column driver 300. 

The one or more Vcs samples obtained will be employed to affect or control a precharge 
voltage. For example, the Vcs from the sample device 376 may be transferred directly to a hold 
device 322, and then applied directly to a buffer 320 which provides a precharge voltage 324 for 
precharging the column through the switch 372. If the sample device provides a digital 
representation, then the hold device 322 may receive and convert such digital representation to a 
voltage to input to the buffer 320. The same effect may be provided analogically if the hold device 
322 buffers the Vcs from the sample device 376, and charges a hold capacitor in the hold device 
322 to a hold voltage Vh, which directly controls the buffer 320. 

More than one Vcs may be used to control a precharge voltage. For example, the hold 
device 322 may combine an incoming Vcs with previous Vcs voltages to obtain a smoothed hold 
voltage Vh to apply to the buffer 320. As another example, a hold device 312 may combine Vcs 
from a plurality of sample devices, e.g., 356 and 366, to provide an input to a buffer 310 for 
providing a precharge voltage 314. Thus, the hold device 312 may operate as a sample combining 
device. The hold circuit 3 1 2 may combine not only the plurality of Vcs inputs with each other, but 
with previous voltages as well. As shown, the precharge voltage 314 output from the buffer 310 is 
provided, via a respective switch 352 or 362, to the same columns which provide the source for the 
Vcs upon which the precharge voltage is based. However, it should be noted that the columns 
which are precharged with a particular precharge voltage, e.g., 314, are typically not limited to 
those columns, e.g., 358 and 368, from which Vcs is obtained to affect the precharge voltage. 

Precharge voltages may be based upon Vcs using any storage and/or combination 
techniques, for example either digital or analog techniques. A precharge level setting circuit may 
be comprised of the hold device 312 in conjunction with the buffer 310. If the sample devices 356, 
366 and 376, in a digital example, are ADCs providing a digital output, then the hold devices 312 
and 322 (or buffers 310 and 320) will typically include a DAC to convert the outputs from the 
sample devices into analog form, with or without further manipulation of the values. Such digital 
embodiments are well known in the art, and can be provided by the skilled person. An example of 
an analog embodiment for combining and storing Vcs values to provide precharge voltage is 
illustrated in Figure 4. 

Figure 4 is a simplified, representative schematic of some aspects of an analog device 
embodiment of a column driver such as the driver circuit 300 of Figure 3. One simplification 
represents electronic switches by a mechanical switch symbol, with a dotted line to a signal 
controlling the switch. A true, e.g., "1", value of the control logic closes the switch. The 
mechanical representation of the switch may imply some logic to preclude overlapping connections 
in a multiple-throw switch, such as the switch 352. The level shifting and logic needed to cause 
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such electronic switches to function in accordance with the mechanical representation are well 
known in the art, and will be readily implemented by the skilled person. 

Figure 4 illustrates, with sample circuits 356 and 366, two techniques for sampling a variety 
of column voltages. Sample circuit 366 illustrates use of a single sample circuit 366 with a 

5 corresponding single column connection 368. An alternative technique is illustrated with respect to 
sample circuit 356. The sample circuits 356 and 366 operate as display conduction voltage sensing 
circuits. The circuits store a conduction voltage sample. 

Sample circuit 356 in Figure 4 shows additional details whereby a plurality of different 
columns, such as X, Y and the column connection 358, may be selectively sampled by the single 

10 sample device 356 in a manner which is not explicitly shown in Figure 3. The sample circuit 356 
includes logic such as the NOR gate 428, and extra sample switches such as 416 and 418 to connect 
to other columns X or Y. Figure 4 thus illustrates an embodiment in which both techniques are 
used with different columns, but, of course, a given design may utilize only the technique illustrated 
with the sample circuit 356, only the technique illustrated with the sample circuit 366, or a 

15 technique from another design. 

In the technique illustrated with sample device 366, each separate sample capacitor 440 is 
connected via a switch 442 to just one column connection 368 under control of a sample switch 
control signal 03a 450. A sample output switch 444 may be provided to connect the sample 
capacitor 440 to the hold device 312 under control of a second phase control signal <E4a 452, which 

20 r may be true whenever <I>3a is not true, as represented by an inverter 446. 03a and 04a may in 
general be false at the same time. 

In the technique illustrated with sample device 356, a sample capacitor 410 may be used for 
sampling the voltage on a plurality of column connections. A sample output switch 414 may also 
be provided to connect the sample capacitor 410 to the hold device 312. The output switch 414 is 

25 controlled by a second phase logic signal <D2a 432, and will typically be open whenever another 
switch is closed to the sample device 356, particularly input switches such as 412, 416 and 418. 
Thus, when the sample capacitor 410 in the sample device 356 includes switches, 416 or 418, to 
sample extra columns Y or X, the control signal <D2a 432 is preferably true only when all of the 
sample switch control signals Ola 420, Olb 422 and Olc 424 are false. The representative NOR 

30 gate 428 implementing this function preferably includes non-overlap logic, such that the switches 
connected to the sample capacitor 410 are closed only at mutually exclusive times. 

The hold device 312 is shown as including a hold capacitor 430, and provides an output 
hold voltage Vh at a hold output connection 434 which is connected to the buffer 310. The hold 
device 312 may accept inputs from a plurality of sample circuits, as shown, via the sample output 

35 switch 414 for the Vcs on the sample device 356, and via the sample output switch 444 for the Vcs 
on the sample device 366. More such sample devices may also be connected. Thus, present values 
from sample circuits such as 356 and 366 may be combined with each other, and/or combined with 
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previous Vcs values, to achieve a hold voltage Vh at connection 434 for input to the precharge 
voltage buffer 310. The hold device 312 operates as a precharge control circuit to establish a 
precharge voltage based on the element conduction voltage, which may be combined with other 
display element conduction voltages. The precharge voltage determined in the hold device 312 is 
provided to the voltage buffer 310. 

The precharge voltage buffer 310 may provide a precharge voltage Vpr for one or more 
corresponding columns. The voltage buffer 310 operates as a precharge output circuit. Previous 
values of Vcs are typically combined in a Vh, but if temporal averaging is not desired then it may 
be avoided, for example, by making the hold capacitor 430 small compared to the sum of sample 
capacitors, e.g., 410 and 440, which are connected to it. The sample output switches, such as 414 
and 444, which provide switchable connection of a plurality of sample devices to a hold device 
such as 3 12, may be closed simultaneously. 

Particular embodiments may also employ just a single sample device, such as the sample 
device 356, with a particular hold device such as 312, in which case combining of a plurality of 
sample values is not necessary. Such an embodiment may be convenient when all columns to be 
sampled for determining the precharge voltage from a particular buffer (such as the buffer 310) are 
switchably connected to the single sample device, e.g., via switches such as 412, 416 and 418. 

Consistent with the above description, then, at least three different approaches may be used 
to obtain, and/or to combine, conduction voltage samples Vcs from any or all of the elements of a 
matrix, depending upon the needs of a particular design. In a first approach, which may be termed 
non-concurrent sampling, each column connection to be sensed may be switchably connected to a 
sample device, which may be shared by all such sampled columns. 

In non-concurrent sampling, a conduction voltage is sampled for a single selected device at 
any one time, typically during a scan cycle conduction period, and the sample device is then 
connected to the hold element during a non-conduction period. Thus, in non-concurrent sampling, 
a conduction voltage is stored in a first stage capacitor, such as the sample capacitor 410, during a 
portion of the conduction period. The portion of the conduction period may be substantially all of 
the conduction period or may be all of the conduction period following an initial portion that may 
represent the transient settling period. The voltage from the first stage capacitor is electrically 
connected to a second stage capacitor, such as the hold capacitor 430, following the conduction 
period. The two capacitors may be connected for substantially all of the time that the sample 
capacitor is not connected to the column. Such sampling may be performed during successive scan 
cycles, so that previously sampled voltages are combined with the most recently sampled voltage to 
produce the hold voltage Vh on the hold capacitor. A plurality of conduction voltage samples may 
then be averaged. The extent of averaging will, of course, be a function of the relative size of the 
sample capacitor 410 and the hold capacitor 430. The averaging occurs during a non-conduction 
period when the sample capacitor 410 is connected to the hold capacitor 430. If the sample device 



WO 02/091341 PCT/US02/14686 

performs digital sampling, or digital values are derived, then the combining function may be 
programmably controlled and great flexibility is possible. The sampled conduction voltages may be 
averaged, weighted averaged, filtered, or combined using some other method. For example, 
combined values from any selected groups of elements may be used to determine the precharge 
voltage. 

A second approach to obtain and combine conduction voltage samples Vcs may be called 
parallel sampling. Each column connection which may be sensed may be connected by a sample 
switch, such as 442, to a unique corresponding sample capacitor, such as 440. In this approach, the 
outputs from a plurality of sample devices, such as the sample devices 356 and 366, are connected 
to a shared hold device, such as the hold device 312. There may be one or more separate hold 
devices like 312, each connected in turn to one or more sample devices, and each providing a 
precharge voltage reference to a buffer such as 310, the output of which provides precharge voltage 
to one or more column connections, such as 358 and 368. Thus, this approach can readily provide a 
plurality of different precharge voltages for a corresponding plurality of distinct column groups. In 
an extreme case for this arrangement, all of the sample devices, e.g., 366, for all of the sensed 
columns are connected via corresponding sample output switches, e.g., switch 444, to a single hold 
device, e.g., 312. The hold device thereby provides a single hold voltage Vh to a buffer, e.g., 310, 
as a reference for a precharge voltage. 

A third approach to obtain and combine conduction voltage samples Vcs may be called 
mixed sampling. The mixed sampling approach can also provide one or more precharge voltages 
Vpc for one or more corresponding groups of columns, as does the second or parallel sampling 
approach. According to the third approach, a plurality of columns, such as Column X, Column Y 
and the column connection 358, is each switchably connected to a shared sample device, e.g. 356, 
via sample switches such as 412, 416 or 418. It will typically be inconvenient to connect different 
active columns together, which may be avoided by ensuring that only one of such common- 
capacitor sample switches is closed at any given instant. For example, just one of the columns may 
be connected during a particular conduction period. A plurality of columns may alternatively be 
connected to the sample capacitor at different times during a scan conduction period, particularly if 
the sample capacitor, e.g., 410, is connected to the hold circuit, e.g., via the switch 414, while all 
columns are disconnected. Such shared sample devices, e.g. 356, are typically connected via a 
corresponding sample output switch, such as 414, to a common hold device, such as 312, or to a 
digital conversion circuit. One or more sample devices, whether shared like 356, or unique to a 
column like 366, may be connected to a common hold device, such as 312, such that the held value 
can reflect the column voltages sampled by such one or more sample devices. A driver device, e.g. 
300, may have just one such hold device to provide Vh for controlling Vpr for all columns, or it 
may include a plurality of such hold devices. If a plurality of hold devices is used, then each hold 
device may control a Vpr for a corresponding group or a plurality of columns. Voltage values from 
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a plurality of hold devices may also be further combined. For example, a plurality of hold device 
voltages may be combined into a further combination stage (not shown), or after digital conversion 
they may be combined programmatically. 

The hold voltage Vh, which is used to establish the next precharge voltage, may be filtered. 
5 Vh may be based only on combinations of presently sampled Vcs values, but will more typically 
combine Vcs values from previous scan cycles to form a smoothed precharge voltage. In digital 
embodiments, Vh may be filtered digitally to reflect any combination of Vcs samples from present 
and past scan cycles. In the analog embodiments represented in Figure 4, filtering may be 
controlled by the number of sample device outputs combined into a particular hold device. For 

10 example, if four sample devices like 356, each having a sample capacitor 410 of the same value, are 
connected into a hold device 312 having a hold capacitor 430, then filtering generally occurs as a 
well-known averaging function of the relative capacitor values. In one embodiment, each sample 
device includes a second phase switch, such as the switch 414 or the switch 444, and all of the 
second phase switches are closed during a non-conduction period of the sampled elements. 

15 Accordingly, the resulting hold voltage Vh will be determined by the previous Vh value in 
combination with an average, Vcsa, of the four sampled Vcs values. Given a sum of all the sample 
and hold capacitor values Csum, including a sum of the sample capacitors Csamp and a hold 
capacitor value Chold, the new Vh (Vh(z+1)) will be the old Vh (Vh(z)) combined with Vcsa. In 
particular, 

20 Vh(z+1) = Vh(z)[Chold/Csum] + Vcsa[Csamp/Csum] (Eqn. 1) 

Thus, in this case a proportion Chold/Csum of the new Vh is due to the old Vh, and a 
proportion Csamp/Csum of the new Vh is due to the present Vcsa. If Csamp/Csum is more than 
about 25%, Vh will substantially track the recent Vcsa, and thus the precharge voltage will 
substantially track changes in the precharge voltage due to the varying column resistance seen by 

25 the different rows. Conversely, if Csamp/Csum is substantially smaller than 25%, the present Vcs 
will have less effect on the next Vh, and the precharge voltage will be less able to follow changes in 
Vcs from row to row. For long term averaging, Chold may be about 20 to 200 times Csamp. For 
rapid tracking, Chold may be about 0.3 to 3 times Csamp. Values between or outside these ranges 
may also be used, depending upon the application. 

30 As an example, if four sample devices each having a 1 pF sample capacitor are combined 

into a hold device having a hold capacitor of 8 pF, the next Vh would be based 33% upon the 
present average of Vcs values. Thus, the precharge voltage would substantially track progressive 
changes in conduction voltages from row to row. 

It may be desirable to individually control an exposure time for each device in a matrix by 

35 providing an exposure period of variable duration for each column during each scan cycle. The 
devices shown in Figure 4 to control such variable exposure durations are generally, but not 
necessarily, fabricated as part of the driver circuit 300. 
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A precharge signal PC 494 may be provided to reset a counter 490 during a precharge 
period that occurs prior to an exposure period. Upon termination of the precharge period, the PC 
signal 494 may set a latch 478 such that an output "Column Enable" 488 enables a switch 404 to 
allow the current source 350 to provide column exposure current to the column connection 358. 

5 The precharge signal PC 494 may be provided for the entire chip, or may be established for a group 
of one or more columns. 

In order to control the termination of exposure current, exposure duration information may 
cause reset of the latch 478. An exposure clock Cexp 492 may be provided, the period of which 
determines the minimum exposure period. The counter 490 may count the exposure clock edges 

10 and output bits representing a current exposure count 496 to some or all of the column driver 
circuits. The counter 490 of Figure 4 is shown to output n+1 bits. The exposure count 496 may be 
provided to all columns, or alternatively some columns may generate separate exposure counts. 
Particularly when provided to many or all columns, such exposure count need not be uniform, but 
may provide a varying time between successive exposure counts to provide varying steps between 

15 exposure levels without a need for excessive data bits to represent such exposure levels. The 
exposure count 496 may be applied to input "A" of a logic circuit 480. 

Exposure drive data Ddrive 498 may be provided for the particular column, e.g., 358, to a 
register 470. The Ddrive data 498 may be provided serially and shifted into a shift register 470, or 
may be provided on a parallel bus and be latched into the register 470 under control of a write clock 

20 ... Cwrite 472. The Ddrive data 498 is typically represented using the same number of bits as the 
exposure count 496. The output 474 of the register 470 may be n+1 bits of parallel exposure length 
data, which may then be provided to input "C" of the logic circuit 480. The logic circuit 480 may 
compare the exposure length data 474 on input "C" with the current exposure count value 496 on 
input "A" and provide an output 482 which, when A and C are equal, resets the latch 478. The 

25 "Column Enable" signal 488 is thus negated, and will cause the exposure current switch 404 to open 
and also, typically, will initiate discharge of the controlled column, e.g. 358, through discharge 
circuitry such as a column discharge switch 406. 

An output 420 of an AND gate 486 may be the signal Ola 420 to control the sample switch 
412. A logic device 481 may provide further logic for controlling the signal Ola 420. The logic 

30 device 481 may be employed to preclude sampling a column which has a conduction period shorter 
than the minimum exposure value 476. The configuration may prevent connection of a Vcol to a 
sample capacitor until the end of the minimum exposure period, thus permitting some settling of 
Vcol. Alternatively, the configuration may prevent connection of a Vcol to a sample capacitor until 
the end of a transient settling period. The initial transient settling period is typically less than 25% 

35 of the scan cycle. To effect this delay, the value of minimum exposure for sampling 476, typically 
represented by less than (n+1) bits, may be provided to a "C" input of the device 481 and the 
Exposure Count value 496 is provided to an input "A" of the logic device 481. The logic device 
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481 provides an output 484 that is true only when the Exposure Count value 496 is at least as great 
as the value of minimum exposure for sampling 476. Signal Ola 420 may be prevented, until such 
time, from causing the column 358 to be connected to the sample device 356. The input "C may 
be hardwired, or made selectable. Minimum sampling exposure may alternatively be controlled by 
a minimum exposure signal that is low until a selected period after the end of the precharge signal 
PC 494. Such a control line may be provided directly to a plurality of column control circuits, and 
may be connected to the input 484 of the AND gate 486 without any need for the logic device 481. 
In general, an almost unlimited variety of electronic device arrangements and logic may be 
employed to control a column drive device as taught herein. 

The sample switch control output Ola 420 is true only if the column enable 488 is true and 
the minimum exposure period has been satisfied, as indicated by the AND gate 486 which provides 
Ola 420. The column enable output 488 controls the switch 404 which connects the current source 
350 to the column connection 358, and thus directly controls the exposure time. The column enable 
488 is set at the end of the precharge period, and is reset when the exposure count 496 "A" is equal 
to the selected exposure length "C". 

Control for the column discharge switch 406 is not shown. The switch 406 is preferably 
closed after the end of the column enable 488, as long as the precharge switch 402 is not closed. In 
view of the substantial parasitic capacitance of the columns when the rows are connected to an AC 
ground, the actual termination of conduction by the matrix element may be controlled by the 
column discharge switch. In such case, the exposure switch 404 may be opened either somewhat 
before or somewhat after the discharge switch is closed, though typically the transitions will be 
nearly concurrent. 

A selectable column sample group is a plurality of columns which are connectable to a 
shared sample device (such as the sample device 356) via a corresponding plurality of first phase 
switches (such as 412, 416 and 418). Such samples are typically separated by time. A single 
member of such selectable column sample group may be selected during a particular scan cycle, for 
example that column of the group which has the longest exposure time, i.e. the column for which 
the exposure length value, e.g. 474, is largest. Alternatively, however, differences in exposure 
times between selectable column sample group members may be utilized to permit sampling 
voltages from a plurality of such selectable columns during a single exposure period. One 
implementation of this alternative selects, first, the shortest exposure length value that exceeds a 
minimum value. At the end of exposure for this first-selected column, the corresponding first phase 
switch may be opened and the second phase switch, e.g., 414, closed to the hold device 312. After 
sufficient settling time, the second phase switch 414 may be opened and another first phase switch 
closed to a column having an exposure time sufficiently long to permit establishing an accurate 
sample voltage on the sample device, e.g. 410. This time-multiplex process may be repeated 
several times during a scan cycle to average a plurality of different Vcs values using a single 
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sample device. It may be performed as a variation of the first "non-concurrent" sampling approach, 
or as a variation of the third "mixed" sampling approach, both of which are discussed above. 
Applying Precharge In Normal Operation 

The stored value Vh on a hold device is used at least in part as a basis for precharging the 
5 parasitic capacitance of columns to a precharge voltage Vpr at the beginning of exposures, as 
shown in Figure 4. In particular, a buffer such as the buffer 310 provides a precharge voltage Vpr 
* at relatively low impedance to one or more columns, e.g. the columns 358 and 368 of Figure 3. Vpr 

may be simply the value of Vh, or may be adjusted with an offset voltage (not shown) to provide an 
adjusted Vpr for the particular column or columns. For example, some elements will have more 
10 column and/or row resistance to the drivers than other elements. The different voltage losses due to 
the connection resistances may be measured or predicted, and based upon the selected current and 
Vpr difference may readily be calculated. The Vpr used may then be adjusted for the calculated 
difference. 

Returning to Figure 3, at the beginning of a scan period for Row K, a switch 362 in the 

15 column driver circuit 300 connects the column connection 368 to the Vpr 314 output from the 
buffer 310. Thus, during a precharge period at the beginning of the scan, the column connection 
368 is driven from the relatively low impedance of the buffer 310. Each of the parasitic capacitors 
(CPs) of all of the elements connected to column 368 is thus charged quickly to Vpr. 

It should be noted that a single precharge voltage buffer, such as 310, may be used for 

20 - many columns or even all of the columns of the driver 300, such that precharge buffer impedance 
becomes an important issue. In such case it is advantageous to provide a capacitor from Vpr to 
ground, the capacitor having a value of about one hundred or more times the parasitic capacitance 
of all of the columns which the driver 300 drives. 

The duration of the precharge period depends upon several factors. Each selected column 

25 has a parasitic capacitance and a distributed resistance which affects the time required to achieve 
the full voltage on the driven element. Moreover, the precharge buffers have certain impedances, 
which are common to the number of elements they are driving, and their effective impedance will 
therefore vary. For example, the load seen by the buffer 310 during precharge may include many 
parallel column loads. A typical 96 row, 120 column device might have a column resistance of 

30 about 1 K ohms, and a parasitic column capacitance of about 2400 pF. The precharge time constant 
(x) in this case will be approximately 2.4 jxS. To avoid significantly raising this x, the impedance 
of the buffer 310 is preferably not more than 300 ohms divided by the number of columns 
connected to the particular buffer. Generally, given a precharge time constant x, it is preferred to 
continue precharge for about three times the length of x, or in the present example about 7 pS. 

35 At the end of the precharge period and the beginning of an exposure period for Row K 388, 

a row switch 228 connects Row K 388 to ground. The element 224 connected to the Row K 388 is 
directed to conduct during this scan. Also at the end of the precharge period, the column drive 
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switches, e.g.. 362 and 372, of the selected elements, e.g., elements 224 and 226, may switch each 
selected column connection, e.g., 368 and 378, to the column current sources, e.g., current sources 
360 and 370, respectively, for the remainder of an exposure period for the selected elements. The 
skilled person will understand that any or all of the elements, e.g., 222, 224, 226, of a scanned row, 
e.g.. Row K 388, may generally be selected during the scan of that row. 

Each individual element may generally be turned off at a different time during the scan of 
the element's row, permitting time-based control of the output of each element. At the end of an 
exposure time for a particular element, e.g., 224, the column connection, e.g., 368, may be 
disconnected from the current source, e.g., 470, and reconnected to a column discharge potential 
354, which may be ground, so as to rapidly turn off the element. At the end of the exposure time 
for the last element remaining "on" in a scanned row, the row switch, e.g., 228, in the scan circuit 
row driver 250 may connect the row connection, e.g.. 388, to a supply, such as Vdd. This is 
generally done at least by the beginning of the precharge period, in order to prevent conduction 
during the precharge period because the precharge period is typically exclusive of the conduction 
period. However, it is possible to perform exposure during the precharge period, in which event the 
row switch for the selected column would be grounded. 
Examples of Alternati ves and Extensions 

While the above detailed description has shown, described, and pointed out novel features 
of the invention as applied to various embodiments, the skilled person will be understood that 
various omissions, substitutions, and changes in the form and details of the device or process 
illustrated may be made without departing from the scope of the invention. For example, those 
skilled in the art will understand that the orientation of devices in the display matrix is a matter of 
design convenience, and the choice of which connections to call rows, and to scan, and which to 
call columns, is also design convenience. The skilled person will readily be able to adapt the details 
described herein to a system having different devices, different polarities of devices, and/or 
different row and column architectures, and can appreciate that such alternative systems are 
implicitly described by extension from the detailed description above. 

Variations such as these are contemplated as alternative embodiments of the invention. 
Therefore, the scope of the invention is indicated by the appended claims rather than by the 
foregoing description. All changes which come within the meaning and range of equivalency of the 
claims are to be embraced within their scope. 
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WHAT IS CLAIMED IS: 

1 . A method of precharging elements in a display, comprising: 
sampling a conduction voltage on an element; 

determining a precharge voltage based at least in part on the sampled conduction 
5 voltage; and 

applying the precharge voltage to the element. 

2. The method of Claim 1, wherein sampling the conduction voltage occurs during a 
portion of a conduction period of the element wherein the element is driven with a selected current. 

3. The method of Claim 2, wherein sampling occurs during the portion of the 
10 conduction period following a transient settling period. 

4. The method of Claim 3, wherein applying the precharge voltage occurs during a 
precharge period that is exclusive of the conduction period. 

5 . The method of Claim 1 , wherein sampling the conduction voltage comprises: 
storing the conduction voltage in a first stage capacitor during a portion of a 

15 conduction period; and 

electrically connecting the voltage from the first stage capacitor to a second stage 
capacitor after disconnecting the first stage capacitor from the column during the 
conduction period. 

6. The method of Claim 1 , further comprising: 

20 ; - storing a plurality of conduction voltage samples; 

averaging the plurality of conduction voltage samples; and 

wherein determining the precharge voltage is based in part on the averaged 
plurality of conduction voltage samples. 

7. The method of Claim 1, further comprising combining the sampled conduction 
25 voltage with previously sampled conduction voltage values, and wherein determining the precharge 

voltage is based in part on the combined conduction voltage. 

8. The method of Claim 1 , wherein: 

the element is a one of a plurality of elements of a column; 

sampling the conduction voltage occurs during a conduction period of the element; 

30 and 

applying the precharge voltage comprises applying the precharge voltage to the 
plurality of elements of the column during a precharge period that is exclusive of the 
conduction period. 

9. A precharge device for a display, comprising: 

35 a sampling circuit configured to sample a conduction voltage of an element of the 

display; 
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a hold circuit coupled to the sampling circuit, configured to store a sampled 
conduction voltage value and to generate a precharge voltage based at least in part on the 
sampled conduction voltage; and 

a buffer coupled to the hold circuit, configured to provide the precharge voltage 

output. 

10. The precharge device of Claim 9, wherein the sampling circuit samples the 
conduction voltage during a portion of a conduction period wherein a selected current is driven 
through the element. 

1 1 . The precharge device of Claim 10, wherein the portion of the conduction period is 
substantially all of the conduction period following a transient settling period. 

12. The precharge device of Claim 9, wherein the hold circuit stores a plurality of 
sampled conduction voltage values and generates the precharge voltage based at least in part on an 
average of the stored plurality of sampled conduction voltage values. 

13. The precharge device of claim 9, wherein the sampling circuit comprises: 
a sample capacitor; and 

a sample output switch configured to selectively couple the sample capacitor to the 
hold circuit. 

14. The precharge device of Claim 13, wherein the. sample circuit further comprises a 
plurality of sample input switches to selectively couple the sample capacitor to sample a 
corresponding plurality of conduction voltages of a corresponding plurality of elements of the 
display matrix. 

15. The precharge device of Claim 14, wherein the plurality of sample input switches 
are each closed for a variable exposure time. 

16. The precharge device of Claim 13, wherein the hold circuit comprises a hold 
capacitor. 

17. The precharge device of Claim 9, further comprising a plurality of additional 
sampling circuits, each of the additional sampling circuits configured to sample a corresponding 
conduction voltage of a corresponding device element of the display, and wherein the hold circuit is 
selectively coupled to the sample circuit and each of the additional sampling circuits. 

18. The precharge device of Claim 17, wherein the hold circuit averages the sampled 
conduction voltage values from the sample circuit and each of the additional sample circuits. 

19. A matrix display precharging device, comprising: 
means for sampling a conduction voltage on an element; 

means for determining a precharge voltage based at least in part on the sampled 
conduction voltage; and 

means for applying the precharge voltage to the element. 
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20. The precharging device of Claim 19, wherein the conduction voltage is sampled 
during a portion of a conduction period of the element wherein a selected current is driven through 
the element. 

21. The precharging device of Claim 20, wherein the conduction voltage is sampled 
5 during the portion of the conduction period following a transient settling period. 

22. The precharging device of Claim 21 , wherein the means for applying the precharge 
voltage applies the precharge voltage during a precharge period that is exclusive of the conduction 
period. 

23. The precharging device of Claim 19, wherein the means for sampling the 
1 0 conduction voltage comprises: 

means for storing the conduction voltage in a first stage capacitor during a portion 
of a conduction period; and 

means for coupling the voltage from the first stage capacitor to a second stage 
capacitor following the conduction period. 
15 24. The precharging device of Claim 19, further comprising: 

means for storing a number of conduction voltage samples; 
means for averaging the number of conduction voltage samples; and 
wherein the means for determining the precharge voltage determines the precharge 
voltage based in part on the averaged conduction voltage samples. 
20 25. The precharging device of Claim 19, further comprising means for averaging the 

sampled conduction voltage with previously sampled conduction voltage values, and wherein the 
means for determining the precharge voltage determines the precharge voltage based in part on the 
averaged conduction voltage. 

26. The precharging device of Claim 19, wherein: 
25 the element is a one of a plurality of elements of a column; 

the means for sampling the conduction voltage samples during a conduction period 
of the element; and 

the means for applying the precharge voltage applies the precharge voltage to the 
plurality of elements of the column during a precharge period that is exclusive of the 
30 conduction period. 
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